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I. INTRODUCTION

L
ANDSAT sensors have been providing the most comprehensive land remote sensing view of the Earth since 1972. Throughout the past four decades, six satellites in the Landsat series have orbited the Earth containing three basic sensor types: the Return Beam Vidicon (RBV), the Multispectral Scanner System (MSS), and the Thematic Mapper (TM) with its updated derivative the Enhanced TM Plus (ETM+). While all sensor types have provided valuable information, the RBV was generally qualitative in nature, while the MSS and TM/ETM+ instruments have provided radiometrically accurate quantitative data. Both the Landsat 5 TM and the Landsat 7 ETM+ are still operational as of this writing. An overview of these sensors is provided in Table I .
Landsat 7 ETM+ has been well calibrated both prior to, and following, the launch in 1999 with an absolute accuracy believed to be on the order of 5% [1] - [4] . The Landsat 5 TM was recently cross-calibrated to the ETM+ with a similar level of accuracy [5] . These two instruments provide a consistent history of the Earth 's surface back to the launch of Landsat 5 in March 1984. In developing the improved model for Landsat 5 TM radiometric calibration, it was found that the calibration lamps were of limited use following the launch. Therefore, most of the calibration record for this instrument was based on trending through the use of pseudo-invariant calibration sites (PICS) that were tied to the cross-calibration with ETM+. Until 2009, the Landsat 4 TM was calibrated using the original methodology of regressing to prelaunch calibration based on the internal calibration lamps. Therefore, due to the questionable accuracy of this approach, an updated calibration for Landsat 4 TM was necessary. While not as long lived as the Landsat 5 TM, consistent calibration of Landsat 4 TM extends the history of Landsat imaging of the Earth back an additional two years to 1982. In addition, it provides much needed data of the Earth's surface from 1982 to 1993 that substantially augments the data obtained from Landsat 5.
The purpose of this paper is to document the methodology used to update the calibration of the Landsat 4 TM as well as the uncertainties in the calibration that users can expect from the data. Following this introduction, this paper provides an overview of the history of Landsat 4 calibration and previous efforts to improve it, gives the details regarding the methodology used to update the radiometric calibration of Landsat 4 TM based on available data sources, discusses the implementation of the calibration update, and closes with a summary and a conclusion.
II. CALIBRATION HISTORY OF LANDSAT 4 TM
The Landsat series of sensors has been described in numerous publications (e.g., [6] and [7] ), and their major properties are described in Table I . Landsat 4 was launched on July 16, 1982 , and carried the newly developed first TM: a whiskbroom scanner with a 185-km field of view at the Earth's surface. The sensor had seven spectral bands, with four on the primary focal plane covering the visible and near infrared (VNIR) portion of the electromagnetic spectrum and three on the cooled focal plane covering the short wave infrared (SWIR) and thermal infrared portions of the spectrum. This paper discusses the radiometric calibration update for the reflective bands (bands 1-5 and 7).
0196-2892/$26.00 © 2011 IEEE 
A. Previous Landsat 4 Calibration
Originally, Landsat 4 TM was calibrated prior to launch using an integrating sphere whose calibration was traceable to the National Bureau of Standards (now National Institute of Standards and Technology or NIST). The TM itself was then used as a transfer instrument to calibrate its onboard internal calibration lamps. The details on this approach are found in the Landsat to Ground Station Interface Document [8] . The uncertainty associated with this calibration was thought to be on the order of 5% [9] .
From launch until April 1, 2009, calibration of the Landsat 4 TM was based on the internal calibrator lamps. The design lifetime for the instrument was three years, and 11 years of data were collected. Since identical lamps on the Landsat 5 TM degraded rapidly shortly after launch, it was highly unlikely that the lamps onboard Landsat 4 provided an acceptable calibration over its lifetime. This is clearly borne out by the analysis in the following section. Because of this concern, several efforts over the past few years have been directed toward resolving this problem.
B. Recent Efforts to Improve L4 TM Calibration
The first attempts to develop a cross-calibration from Landsat 5 to Landsat 4 TM were done by Metzler and Malila [10] . Fortunately, the spectral bandpasses for these two instruments are nearly identical, as shown in Fig. 1 . As a result, considerations due to spectral differences are negligible. In this paper, a coincident collect from Landsat 4 and 5 was obtained during an underpass maneuver, where Landsat 5 underflew Landsat 4 while Landsat 5 was being placed into orbit. Results from this study indicated that the Landsat 5 to Landsat 4 gain ratios for bands 1-5 and 7 were 1.04, 1.12, 0.99, 1.00, 1.15, and 1.09, respectively. These results come into question somewhat due to the fact that Landsat 5 was not placed in its final orbit (i.e., may not have fully stabilized radiometrically) and only represent the relative gains at one point in time.
In a more recent approach, Mettler and Helder relied on near coincident data collects from the two sensors [11] . During operations, the Landsat 4 and Landsat 5 orbits were eight days out of phase, i.e., Landsat 4 would view the same geographic location eight days prior to, or eight days after, Landsat 5. Because simultaneous collects were not possible, locations were chosen, which did not vary over short periods of time. Mettler chose desert locations near Yuma, AZ, and the Iraqi/Kuwait border. Both data sets were collected in 1990. More scene pairs had initially been identified at locations in Railroad Valley, NV, in 1988 and Iraq in 1991. The Railroad Valley location was discarded due to extensive cloud cover, and the 1991 Iraq pairs were eliminated due to the destruction of the first Gulf War, making scene pairs dissimilar. These scenes were corrected for solar zenith angle, Earth-sun distance, and outgassing in bands 5 and 7. Also, relative gain corrections determined in the same study were applied. Spectral differences between the two sensors were not addressed due to the nearly identical spectral bandpasses. Results from this work suggested that the radiometric gain difference of Landsat 4 with respect to Landsat 5 was on the order of 5% or less for all reflective bands. Landsat 5 to Landsat 4 gain ratios from this study were 0.95, 0.95, 0.97, 1.02, 1.04, and 1.00 for bands 1-5 and 7. However, these measures were only made at isolated points in time and did not reflect instrument performance over its entire 11-year lifetime.
In a follow-on effort, Malla and Helder used pseudo-invariant sites to develop long-term trends for Landsat 4 TM [12] . Two regions in southern Iraq were chosen based on the number of available scenes in the USGS EROS archive. Three 400 × 400 pixel subregions were selected, and the at-sensor radiance was calculated after geometric correlation. Corrections were made for solar zenith angle and Earth-sun distance, as well as the outgassing correction for bands 5 and 7 [13] . Results from this study indicated that less than 5% change had occurred in all of the VNIR bands from 1988 to 1993, with slightly larger changes in bands 5 and 7. However, this analysis was compromised as the First Gulf War in Iraq occurred in the middle of the time series. Overall, these were encouraging results that indicated that Landsat 4 had been fairly stable during the latter part of its life, similar to Landsat 5.
Both of these efforts indicated that changes had occurred during the lifetime of Landsat 4 TM operation. While the calibration of the sensor from 1988 to 1990 seemed to be fairly well established, the work needed to be extended over the entire lifetime of the sensor from 1982 to 1993. To make matters more difficult, there is a period from 1983 to 1987 when the sensor was operated somewhat sporadically and very little data from Landsat 4 are available from the USGS EROS archive during this time. The X-band (direct downlink) transmitter on Landsat 4 failed in February 1983, causing a hiatus in L-4 TM data acquisitions until TDRSS became operational in August 1983. Even when TDRSS became operational, only limited downlinks were performed, i.e., only the data from August 12, 1983, November 16-18, 1983, and March 14-16, 1984, appear in the archive until a Landsat 5 TDRSS transmitter failed in 1987. At this point, the Landsat 4 TM began to be used again, mainly for international acquisitions using its TDRSS transmitter until 1993 when this transmitter failed. Fortunately, over the past few years, the use of PICS for Landsat calibration trending purposes has indicated that uncertainties on the order of 3% can be obtained and additional sites can be used for Landsat 4 TM long-term trending [14] , [15] .
III. CALIBRATION UPDATE METHODOLOGY
A. Internal Calibrator
Like the rest of the Landsat TM series, the Landsat 4 TM carried an onboard calibrator [7] . This system consisted of three lamps and a complex optical system to transfer lamp radiance to the detectors at the end of every scan. Each detector was exposed to a dark portion of the calibration arm that allowed a measure of each detector/channel's bias level. Following this, each detector was exposed to a calibration pulse from the lamps. The lamps were cycled through eight lamp states by turning on different combinations of lamps over approximately the duration of one Earth scene. The normalized average responsivities of the detectors, calculated by regressing the observed on-orbit pulses to prelaunch measured effective radiances for each of the lamp states, are shown for the reflective bands in Fig. 2 .
As can be seen in the figure, the response of the four VNIR bands to the lamp system was somewhat erratic, and the large gap in available data from 1984 to 1987 is evident. On a firstorder basis, however, the lamp response seemed to follow a somewhat downward trend for the VNIR bands, following an increasing response that occurred largely after the data gap. In contrast, the SWIR bands have an increasing response over the lifetime of the instrument. This is fairly consistent with Landsat 5 lamp performance, which is also plotted for comparison purposes. Thus, it can be safely assumed that the lamp system onboard Landsat 4 may have provided useful information during the initial portion of the instrument lifetime, but it is not usable over the entire ten years of operation. The one notable exception to the pattern, however, is band 1, which exhibits a pronounced downward trend from 1991 (approximately 3000 days since launch) onward that is not present in the other spectral bands. This suggests that additional degradation has occurred in band 1 and is consistent with observations from other calibration sources, which will be shown later.
B. Cross-Calibration to Landsat 5 TM
To extend the initial work done by Mettler and Helder to include additional dates, additional scenes were located with the help of the European Space Agency (ESA) Landsat archive. Data were obtained in 1987 and 1988 from locations in Egypt and Algeria. The details of these scenes are given in Table II . Landsat 4 scenes were obtained from the USGS EROS archive, and Landsat 5 scenes were obtained from the ESA archive. In each case, the scene pairs are eight days apart. The second and third entries in the table represent a Landsat 5 scene for which the Landsat 4 scene eight days prior and eight days later was available. These data suggested that Landsat 4 TM was very stable during this time period with respect to bands 2, 3, 4, and 7. In each case, less than 1% change occurred, which is consistent with the uncertainties of the estimates. Conversely, band 1 exhibits a noticeable decrease in gain during this same time period. Band 5 shows the greatest variation in estimates but also has the largest uncertainty (5.5%); thus, it is unclear whether any significant change in gain has occurred in this band.
While these results give a good estimate of the gain of Landsat 4 TM during two distinct time periods, it was still necessary to develop a lifetime gain function for the sensor. Unfortunately, the internal calibrator data are not reliable for this purpose. Thus, it becomes necessary to rely on the use of PICS to obtain a full calibration picture.
C. Calibration Trends Using PICS
The use of PICS for long-term trending of the gain of satellite systems has been well established by a variety of investigators [16] - [19] . The Committee on Earth Observation Satellites lists a number of PICS as part of their QA4EO program (http://calval.cr.usgs.gov/sites_catalog_map.php). In fact, the current calibration of Landsat 5 TM was established through the use of this methodology [20] . In this approach, a PICS location, known as Libya 4 (WRS-2 Path 181, Row 40), served as the basis for long-term trending, and these data were anchored to an absolute scale using a cross-calibration event with Landsat 7 ETM+. Recent work has shown that Libya 4 continues to be validated as an excellent calibration site, along with several others in the Sahara [15] . In addition, sites are recommended on other continents. This is especially helpful for the calibration of Landsat 4 TM since the amount of global coverage is limited.
Unfortunately, only a very limited amount of Landsat 4 data is available from worldwide PICS locations. Table IV lists the available scenes from Libya 4 (WRS-2 Path 181, Row 40) as well as the PICS location commonly known as Sonora (Path 38, Row 38). However, these five scenes do span a period from 1983 to 1992 which covers essentially the entire lifetime of Landsat 4, including the severely data-limited "pregap" period from 1982 to 1983. Because of the small number of scenes available, these were selected visually-primarily through assessment of cloud cover. Previous work with these sites has indicated stable atmospheric properties for cross-calibration.
As mentioned previously, these data sets are only useful for long-term trending of the data and thus must be anchored to an absolute calibration point, or set of points, to achieve long-term trending of absolute calibration. Regions of interest from these scenes were selected and processed according to the procedures outlined in [15] . These techniques include selection of optimal regions within the scene, corrections for image artifacts, and corrections for illumination angle and Earth-sun distance. Table V lists the normalized radiometric response of the satellite over the PICS locations. In each case, the second point in the time series was used as the normalization. In conjunction with Table V, Table VI gives the uncertainties associated with the Sonora and Libya 4 PICS locations as determined through long-term trending analysis [15] . By examining whether the changes observed during the lifetime of Landsat 4 are within the temporal uncertainties of the PICS, it can be determined if a change in gain occurred for the sensor.
In band 1, it is noted that a change in gain from approximately +8% to −2% occurred from 1983 to 1992 as observed over the Sonora PICS, for an average change of approximately 1.1% per year. Over the Libya 4 PICS, a change of roughly 2% occurred in two years. Thus, both sites are in good agreement. Furthermore, the uncertainties associated with band 1 using these two PICS are both less than 2%. This strongly indicates that a significant change occurred in the gain of band 1.
For the case of band 2, the Sonora PICS data indicate a possible change of 3%, while the Libya 4 site shows a change of only 1%. Both of these changes lie close to, or entirely within, the uncertainties associated with the PICS sites in this band. Therefore, it cannot be concluded that any change has occurred in band 2, or, worst case, an undetected change of up to 3% may have occurred over the lifetime of the instrument. Band 3 indicates that up to 4% change may be possible from the Sonora estimate and up to 2% change from Libya 4. These two estimates are, once again, right at the limits of the uncertainties for both of these sites. Therefore, it cannot be concluded that a definitive change in gain occurred. Furthermore, in both cases, an upward trend is indicated through 1990, which is very difficult to justify based on typical sensor behavior.
Band 4 has very small changes at both PICS locations. In both cases, the amount of change is substantially less than what the uncertainties are for these two sites. Thus, no temporal change in gain is indicated for band 4.
For the case of band 5, the Sonora site indicates that a change of approximately 6% may have occurred, which is larger than the temporal variability for Sonora (∼4%). However, when considering gain changes for band 5, the variability in the absolute calibration of the band is actually larger than the trend indicated from Sonora. For example, the extreme spread of the absolute calibration data points ranges from 7.1 to 8.1, which is much larger than the trend indicated by the Sonoran PICS. Therefore, unfortunately, it is not possible to conclude that any change has occurred in band 5.
Lastly, band 7 indicates a remarkable stability. The changes indicated from the Sonora PICS are less than 1%, and the changes from Libya 4 are even less. Thus, it can be safely concluded that no change in gain has occurred for band 7.
D. Final Calibration Model
The final calibration model for Landsat 4 TM was developed from the absolute calibration points obtained from Landsat 5 cross-calibration in 1987-1988 and 1990 , and from the trend obtained from the Libya 4 and Sonora PICS locations. The trend from the PICS locations was anchored to the absolute calibration points through a least squares fitting process. For the case of band 1, a model was developed through a regression fit to the centroids obtained from the absolute calibration points and the rescaled PICS trending data points. For all other bands, since no change in gain has been noted, the calibration model is simply the mean value obtained from the cross-calibration with Landsat 5 TM. These models are shown in Fig. 3 , and the final values are given in Table VII . Bands 2 and 3 in Fig. 3(b) and (c) show the small amount of change that is indicated over the lifetime in these bands. In comparison, these two bands on Landsat 5 TM showed an exponential decay. However, the total amount of change in Landsat 5 TM bands 2 and 3 was less than in band 1. Again, for the case of Landsat 4 with substantially less operation early in life, a change in gain over its lifetime cannot be justified.
Bands 4, 5, and 7 for Landsat 4 show the same constant behavior over the lifetime of the instrument as was shown in Landsat 5. Fig. 3(d) -(f) clearly shows that the uncertainty in the absolute calibration for these bands is larger than any trend indicated by the PICS locations.
IV. IMPLEMENTATION OF CALIBRATION UPDATE
Initial calibration of Landsat 4 TM was based on regression to sensor observation of the onboard calibration lamps which occurred at the end of every scan. As shown in Fig. 2 and as was discovered with Landsat 5 TM, the usefulness of the onboard calibration lamps became questionable soon after the launch [20] . Thus, a new lookup-table-based approach was implemented for the calibration of Landsat 4 on April 1, 2009, at USGS EROS.
A. Post Calibration Dynamic Ranges
All data products obtained from USGS EROS have been linearly scaled to lie on a dynamic range from [Lmin, Lmax] , where Lmin represents a minimum radiance value slightly lower than what is observable by the sensor and is assigned an integer value of Q calmin in the data product. Lmax represents Note that, for band 1, two Lmax values are given. This was done to maximize the useful dynamic range of the image data even though the gain of the sensor was degrading over time in this band.
To convert a Landsat 4 TM pixel in a USGS EROS product from scaled integer space to radiance (in watts per square meter per steradian per micrometer), the following equation can be used:
(1) where Q calmax = 255, Q calmin = 1, and
For any product, Lmin, Lmax, Q calmin , and Q calmax values are provided in the associated metadata file.
V. SUMMARY AND CONCLUSION
The radiometric calibration of Landsat 4 TM reflective bands has been updated. The process used to perform the update was similar to what was done with Landsat 5 TM in that an absolute calibration was performed at specific dates in time to a reference sensor (in this case Landsat 5 TM, which was previously calibrated to Landsat 7 ETM+), and long-term trending information was incorporated to determine if degradations in sensor response had occurred. Unfortunately, due to the limited use of Landsat 4 TM over much of its lifetime and due to the somewhat complementary but nonoverlapping missions of Landsat 4 and 5, absolute cross-calibration points and longterm trending information were difficult to obtain and were limited in the extent of temporal coverage.
Absolute cross-calibration with Landsat 5 was possible during the time period from 1988 to 1990 and was done using near simultaneous overpasses (eight days apart) at PICS locations. These results indicated that the uncertainty associated with these measurements was on the order of 5% or less. Longterm trending was established using two PICS locations that had previously been shown to be stable for Landsat 5-Libya 4 and Sonora. Unfortunately, data from these sites, as well as other known PICS locations, were very limited, and only data from a few dates were obtained. However, because these two sites have been well characterized, the overall trends over the lifetime of Landsat 4 could be established within the uncertainties of the absolute calibration measurements and the PICS themselves.
The results from this paper have indicated that Landsat 4 TM exhibited a very stable behavior over its lifetime from 1982 to 1993. All reflective bands, except band 1, were shown to be stable within the precision of the measurements that were made. Band 1 exhibited a decrease in gain over its lifetime of 12%, which was modeled as a linear decrease over time. These results are fairly similar to Landsat 5 TM, which also showed a large decrease in gain for band 1 but was stable for bands 4, 5, and 7. In contrast, Landsat 4 results indicated good stability for bands 2 and 3, while Landsat 5 showed some decay in gain for those bands. The differences in sensor performance may be largely due to the substantially different operating environments for the two sensors, as well as the more limited lifetime of Landsat 4 TM. 
